Introduction calmodulin-dependent protein kinase II (␣CaMKII) display impaired LTP in the CA1 region of the hippocampus It has long been hypothesized that memory storage in and a deficit in spatial learning (Silva et al., 1992a , the mammalian brain involves modifications of the syn1992b). aptic connections between neurons. Hebb (1949) introEven though the results of these genetic and pharmaduced an influential theory consisting of principles that cological experiments are consistent with the notion neurons must exhibit for implementing associative that hippocampal LTP is the synaptic mechanism for memory. An important principle, known as the Hebb spatial memory, other interpretations cannot be exrule, is that of "correlated activity": when the presynaptic cluded. For instance, in the case of the gene knockout and the postsynaptic neurons are active simultaneously, mice, every cell in the organism lacks the gene of intertheir connections become strengthened. It is well estabest. Consequently, all of the functions of the gene prodlished that N-methyl-D-aspartate receptors (NMDARs) uct, not only its role in LTP induction, are affected in can implement the Hebb rule at the synaptic level, and the mutants. Hence, it is possible that spatial memory they are thus considered the crucial synaptic elements is independent of hippocampal LTP and that the memory for the induction of activity-dependent synaptic plasticdeficit in mutants arises from lack of the gene product ity. NMDARs act as coincidence detectors because they in other functions (such as developmental roles). Likerequire both presynaptic activity (glutamate released by wise, in pharmacological studies the target of the AP5 axonal terminals) and postsynaptic activity (depolarizainfusion is not restricted to the hippocampus (Butcher tion that releases the Mg 2ϩ block) as a condition for et al., 1991) . Therefore, NMDARs expressed in neurons channel opening (Nowak et al., 1984; McBain and Mayer, in the neighboring neocortex (and other brain areas) 1994). Active NMDAR channels allow calcium influx into are also inhibited to a varying extent. Since NMDARs the postsynaptic cell, which triggers a cascade of biocontribute substantially to the basal synaptic transmischemical events resulting in synaptic change. Long-term sion of excitatory synapses in the neocortex (reviewed potentiation (LTP) is a widely used paradigm for increasby Hestrin, 1996) , it is likely that the infused AP5 may ing synaptic efficacy, and its induction requires, in at impair not only LTP induction in the hippocampus but least one of its forms, the activation of NMDARs (Bliss also the computational ability of neocortical regions that and Lømo, 1973; Bliss and Collingridge, 1993) . Convenplay an important role in spatial memory. tionally, NMDAR-dependent LTP is elicited by giving a A way to circumvent the aforementioned problems strong pattern of electrical stimulation (a 25-100 Hz train is to modify the gene knockout method such that the for ‫1ف‬ s) to the inputs, which triggers a rapid and lasting deletion is restricted to a certain region or a certain cell increase in synaptic strength. type within the brain. As described in the accompanying The hippocampus is the most intensely studied region article [this issue of Cell]), we have exploited the Cre/loxP recombination system derived for the importance of NMDARs in synaptic plasticity and (B and C) Southern blot analysis of representative tail biopsies. Tail DNA was digested with EcoRV for blotting with a 5Ј probe and with EcoRI for blotting with a 3Ј probe. The size of the expected band is indicated. ϩ/ϩ, wild type; ϩ/Ϫ, heterozygous; Ϫ/Ϫ, homozygous fNR1 mutants.
from the phage P1 and have developed a method that Results can potentially restrict the deletion of any gene of interest to the pyramidal cells of the hippocampal CA1 reGeneration of CA1-Restricted NMDAR1 Mutant Mice gion. Here we describe an application of this method to the NMDA receptor 1 gene (NMDAR1), which encodes
We constructed a targeting vector in which two loxP sequences were inserted into the NMDAR1 gene. The the essential subunit for the NMDAR (Moriyoshi et al., 1991; Nakanishi, 1992) . We demonstrate that the NMDAR1 first loxP sequence was placed in the intron that lies between exons 10 and 11, whereas the second loxP gene is deleted exclusively in the CA1 pyramidal cells in the mutant mice ("NMDAR1 CA1-KO" mice or simply sequence and a neomycin-resistance gene were introduced in the downstream region of the 3Ј end of the "CA1-KO" mice). These mice grow into adulthood without obvious pathologies, in contrast to the NMDAR1 KO NMDAR1 gene ( Figure 1A ). In this manner, the two loxP sequences flank a region of the NMDAR1 gene that mice produced by conventional gene targeting that die neonatally (Li et al., 1994 , Forrest et al., 1994 . We report encodes the four transmembrane domains as well as the entire C-terminal sequence of the polypeptide chain. that the CA1-KO mice lack NMDAR-mediated postsynaptic currents and LTP in the CA1 region. Also, these Embryonic stem (ES) cells were transfected with the linearized targeting vector and were tested for homolomice show impaired spatial memory (measured in the hidden-platform version of the Morris water maze) but gous recombination by Southern blot. The targeted ES cells were then injected into blastocysts, and mice hodisplay good performance in nonspatial learning tasks. These results provide strong support for the hypothesis mozygous for the loxP-NMDAR1-loxP sequence (henceforth named "floxed NR1" or simply "fNR1," where that NMDAR-mediated LTP in the CA1 region is crucially involved in the formation of certain types of memory.
floxed stands for "flanked by loxP") were generated through standard procedures (Bradley, 6-cyano-7-dinitroquinoxaline-2,3-dione (CNQX) (20 M) resulted in a complete inhibition of the EPSC in the 1987; Capecchi, 1989) .
We crossed fNR1 mice with heterozygous Cre transmutant cells, whereas the control cells displayed a robust isolated NMDAR-dependent EPSC ( Figure 4A ). Furgenic mice, T29-1, which have the capacity to mediate Cre/loxP recombination exclusively in the CA1 pyramithermore, the current-voltage relations for the AMPA and NMDA components of the EPSC showed that the dal cells . After crossing, we obtained mice carrying the Cre transgene and the homozygous AMPA currents were not different between mutant and control cells, but the NMDA component was absent in fNR1 gene (Cre/ϩ, fNR1/fNR1)-that is, CA1-KO miceas well as various types of siblings (see Experimental the CA1-KO cells ( Figure 4B ). The reversal potential for the early component of the EPSC in mutants (2 Ϯ 1 mV, Procedures). From the latter, wild-type (wt) mice (ϩ/ϩ, ϩ/ϩ), T29-1 mice (Cre/ϩ, ϩ/ϩ), and homozygous fNR1 n ϭ 8) was similar to that in the control cells (T29-1, 3 Ϯ 2 mV, n ϭ 5; fNR1, 2 Ϯ 2 mV, n ϭ 4). mice (ϩ/ϩ, fNR1/fNR1) were used as experimental controls. The proportions of mice of the various genotypes
We used field recordings of excitatory postsynaptic potentials (EPSPs) to examine further the synaptic propindicated, first, that Cre and fNR1 segregate as independent Mendelian loci, and second, that the CA1-KO mice erties of mutant slices. The time courses of the EPSPs measured in CA1 were similar between mutant slices and the homozygous fNR1 mice are not lethal at the embryonic or perinatal stages. Indeed, these two types (Figure 5A, left) and control slices (data not shown), when they were bathed with standard saline soluof mice grow and mate normally, and their overall behavior is indistinguishable from that of wt and T29-1 mice.
tion. However, addition of a solution that isolates the NMDARs (see Experimental Procedures) resulted in These characteristics of the CA1-KO and the homozygous fNR1 mice are in contrast to the perinatal lethality complete blockade of the EPSPs in mutant slices (n ϭ 12; Figure 5A , left). Conversely, the control slices of NMDAR1 KO mice produced by conventional gene knockout (Li et al., 1994; Forrest et al., 1994) . The abshowed a distinct isolated NMDA EPSP in CA1 (data not shown). sence of a gross behavioral phenotype suggests both that the loxP insertions do not interfere with normal A key control experiment was to examine whether functional NMDARs are present in other brain structures expression of the fNR1 gene and that the NMDAR1 deletion in CA1-KO mice must be regionally restricted, as in the CA1-KO mice. We studied the synaptic responses of granule cells in the dentate gyrus upon stimulation expected.
Histochemical examination showed that the brains of the lateral perforant path (Hanse and Gustafsson, 1992) . We found that the time courses of field EPSPs from the CA1-KO mice did not exhibit any obvious abnormalities at the macroscopic level (Figure 2 ). In addiin mutant slices (Figure 5A, right) looked normal when compared with control slices (data not shown). Importion, we examined the neuronal patterns of the "whiskerto-barrels" system representing the mouse whiskers.
tantly, after addition of a solution that isolates NMDARs, the mutant slices showed clear NMDA EPSPs (n ϭ 12; The formation of these patterns has been reported to be dependent on NMDAR function at the level of the Figure 5A , right) as well as the control slices (data not shown). trigeminal brainstem nucleus (Li et al., 1994) . We found that the mutant mice exhibited well-formed patterns in
In addition, we computed the input-output relations of the field EPSPs in CA1, a relation that is used as a the brainstem trigeminal nucleus (Figure 2G ), the ventrobasal nucleus of the thalamus (Figure 2H) , and the primeasure of the efficiency of synaptic transmission. The input is given by the amplitude of the fiber volley (presynmary somatosensory neocortex ( Figure 2I ). Furthermore, we confirmed the CA1-restricted deletion of the aptic action potential) that precedes the postsynaptic response, whereas the output is given by the initial slope NMDAR1 gene in the CA1-KO mice by in situ hybridization with a probe whose sequence should be deleted of the EPSP. The input-output relations were indistinguishable between the CA1-KO and control slices (Figat the DNA level by the Cre/loxP recombination. The CA1 region of the mutant mice appeared to lack expresure 5B). Moreover, the paradigm of paired pulse facilitation, which gives an indication of presynaptic function, sion of NMDAR1 mRNA (Figure 3 ), whereas expression in other brain regions (such as CA3, dentate gyrus, and showed no differences between the mutant and control slices ( Figure 5C ). neocortex) was indistinguishable from control mice (Figure 3) .
In conclusion, our electrophysiological analysis reveals that the CA1-KO mice lack functional postsynaptic NMDARs in the CA1 pyramidal cells. By contrast, postSynaptic Transmission in CA1 and Dentate Gyrus synaptic AMPA receptors as well as presynaptic termiSynaptic responses of CA1 pyramidal neurons were nals seem to operate normally in CA1. Finally, the CA1-evoked by stimulation of Schaffer collateral/commis-KO mice show normal NMDAR function in the dentate sural (Scc) afferents in acute slices. Whole-cell regyrus. cordings revealed that the CA1-KO cells lacked the slow component of the excitatory postsynaptic current (EPSC) that is mediated by NMDARs (Hestrin et al., 1990a , Synaptic Plasticity in CA1 and Dentate Gyrus Scc inputs onto CA1 neurons were stimulated at 0.1 Hz 1990b). Conversely, the early component of the EPSC that is mediated by ␣-amino-3-hydroxy-5-methyl-4-with single shocks, each of which evoked a single field EPSP (Huerta and Lisman, 1995) . Application of tetanic isoxazoleproprionate (AMPA) receptors was intact in the mutants ( Figure 4A ). Blockade of AMPA receptors with stimulation (100 Hz for 1 s) failed to induce LTP in the In situ hybridization of NMDAR1 mRNA from wt (A) and CA1-KO (B) brains. ctx, cortex; DG, dentate gyrus.
CA1-KO slices ( Figure 6A ). Moreover, short-term potenn ϭ 4, p < 0.01, t test, data not shown), demonstrating the preservation of an NMDAR-independent LTP mechtiation was not detectable in the mutant slices. On average, the synaptic responses were unchanged in CA1-anism in the CA1 region (Grover and Teyler, 1990) . Finally, we examined whether LTP could be induced KO slices 45 min after the tetanus (100.4 Ϯ 4.9%, n ϭ 21; Figure 6B ), whereas LTP was readily obtained in in the mutant dentate gyrus. Lateral perforant path and medial perforant path inputs onto granule cells were control slices (T29-1, 168.5 Ϯ 4.9%, n ϭ 12; fNR1, 156.9 Ϯ 8.3%, n ϭ 4; wt, 177.7 Ϯ 6.2%, n ϭ 5; Figure  stimulated at 0.1 Hz (Hanse and Gustafsson, 1992) . Tetanic stimulation (40 shocks at 100 Hz) was able to in-6B). Comparison of the "tetanized" pathway with the "nontetanized" pathway (i.e., pathways 1 and 2, respecduce LTP in either of the two inputs ( Figure 6C ). On average, the lateral perforant path showed a statistically tively, in Figure 6A , right) in each control group revealed that the enhancement was statistically significant (p < significant increase in synaptic efficacy 45 min after the tetanus (154.6 Ϯ 10.1%, n ϭ 10, p < 0.01, t test; Figure  0 .005 for each group, t test).
Furthermore, we attempted to induce NMDAR-depen-6D). In a few experiments, we confirmed that this LTP is NMDAR-dependent because addition of AP5 (50 M) dent long-term depression (LTD) in CA1-KO slices by giving a low frequency train of 1 Hz for 10 min (Dudek completely blocked its induction (99.1 Ϯ 3.1%, n ϭ 3, data not shown). and Bear, 1992). This stimulation was unable to produce LTD (94.8 Ϯ 12.6%, 45 min after train, n ϭ 4, not shown). By contrast, we were able to elicit NMDAR-independent
Spatial Memory
To test for spatial memory we trained mice in a water LTP in mutant slices by giving a very high frequency tetanus (four trains, each train 250 Hz for 0.2 s, 5 s maze to find a fixed, hidden platform by using distal cues (Morris et al., 1982; Huerta et al., 1996) . We found between trains). This paradigm induced a slowly rising synaptic increase (35.2 Ϯ 8.4%, 60 min after tetanus, that the CA1-KO mice were deficient in learning this task there was a significant effect of genotype; CA1-KO mice had significantly higher escape latencies than the control mice on all blocks (n ϭ 12, F[1, 46] ϭ 6.64, p < 0.001, ANOVA).
Even though the mutant mice showed an improvement in their escape latencies, they could be relying on nonspatial strategies to find the hidden platform. Thus, we used a "transfer" test (TT) to determine whether the mice had formed a spatial memory of the task. During this test the platform is absent and the mice swim for 60 s in the pool. If the animals use a spatial strategy (i.e., they map the position of the hidden platform by using the relations among the distal visual cues around the pool), it is expected that they spend a significantly greater amount of time than accounted for by chance actively searching for the platform in the location where they were trained to find it. By contrast, if the mice use nonspatial strategies they should spend approximately an equal amount of time in each quadrant of the pool. This could occur, for instance, if the mice learned that the platform is at a certain distance from the edge of the pool.
We gave three tests: TT1 was after block 1; TT2 was at the end of block 6; and TT3 was after block 12 (Bannerman et al., 1995) . We found that in TT1 the mutants swam at chance level in each of the four quadrants of the pool and remained to do the same in TT2 and TT3 ( Figures 8A and 8B) . Thus, the CA1-KO mice did not show any place preference for the target quadrant in any of the TTs. In contrast, the control groups started at chance level in TT1 but showed a marked preference for the target quadrant in TT2 and remained at this same of the platform (CA1-KO, 0.6 Ϯ 0.2 s; T29-1, 1.4 Ϯ 0.3 s; fNR1, 1.0 Ϯ 0.2 s; wt, 1.7 Ϯ 0.3 s). Finally, to ensure when compared to control siblings. Mutants consisthat our apparatus was well suited for measuring spatial tently showed a longer escape latency over training memory, we tested homozygous ␣CaMKII knockout blocks, although they displayed a progressive improvemice. These mice are known to be deficient in spatial ment in their escape behavior ( Figure 7A ). On average, memory (Silva et al., 1992a) and indeed showed, in our CA1-KO mice took 50.3 Ϯ 2.7 s to find the platform on apparatus, the same complete deficit in spatial memory the first block; that latency was reduced to 28.2 Ϯ 3.0 as the CA1-KO mice (data not shown). s after 12 blocks. One-way analysis of variance (ANOVA)
To assess whether the impaired behavior of the mushowed this reduction to be significant (n ϭ 43, F[1, tants in the hidden-platform version of the water maze 84] ϭ 29.75, p < 0.0001). The control mice also showed was not due to some sensorimotor or motivational defia significant decrease in their latencies from block 1 to cit, we trained the mice in a simpler task in the water maze (Kolb et al., 1994) . In this task the animals are block 12 (p < 0.0001 for each group, ANOVA). Moreover, Figure 6 . Lack of LTP in CA1 and Normal LTP in Dentate Gyrus from CA1-KO Mice (A) Representative experiments in a CA1-KO slice (left) and a T29-1 slice (right). Field EPSPs were recorded in the stratum radiatum in CA1 by stimulating two independent inputs (labeled P1 and P2). After a period of baseline recording (30 min), a tetanic train (100 Hz for 1 s) was given to P1 (arrow). This pathway remained unchanged in the CA1-KO slice, whereas it became potentiated in the T29-1 slice. Picrotoxin (100 M) was present throughout the experiments. (B) The mean (Ϯ SEM) field EPSPs in the four groups tested for LTP induction in CA1. The CA1-KO (closed circles, n ϭ 21) did not show LTP, whereas the other groups presented clear LTP (T29-1, open circles, n ϭ 12; fNR1, upward triangles, n ϭ 4; wt, downward triangles, n ϭ 5). (C) A single experiment in which dentate field EPSPs were recorded upon stimulation of two pathways, the lateral perforant path (LPP) and the medial perforant path (MPP). A tetanus (40 shocks at 100 Hz, arrow) induced clear LTP in both pathways. Picrotoxin (100 M) was present throughout the experiment. (D) The mean (Ϯ SEM) field EPSPs in the CA1-KO (closed circles, n ϭ 10) and fNR1 (open triangles, n ϭ 6) dentate gyrus. Significant LTP was elicited in both groups after the tetanus. required to find a slightly submerged platform whose in the CA1 region and are impaired in the hidden-platlocation is marked by a large proximal cue, known as form version of the Morris water maze (a measure of the "landmark" (see Experimental Procedures). We spatial memory) but not in nonspatial learning tasks. found that the mutant mice learned the task at a somePreviously, it has been suggested that NMDA receptorwhat a slower rate but reached the same level of optimal dependent LTP underlies the acquisition of new memoperformance as the control mice ( Figure 7B ). Finally, we ries in the hippocampus (reviewed by Bliss and Collingexamined the mutant and the control mice on openridge, 1993; Morris et al., 1991) . Our results provide a field exploratory behaviors while place-related firing of strong support for this view and makes it more specific: hippocampal cells was monitored with multielectrode the NMDA receptor-dependent LTP in the CA1 region array recordings. The results from this study are preis crucially involved in the formation of certain types sented in an accompanying article (McHugh et al., 1996 of memory. We cannot exclude the possibility that the [this issue of Cell]).
NMDA receptor-dependent synaptic plasticity crucial In conclusion, our behavioral analysis reveals that the for memory formation is LTD, given that the CA1-KO CA1-KO mice display a selective and significant deficit mice seem to lack NMDAR-dependent LTD. However, in spatial memory because they are unable to develop we think that this is unlikely because spatial learning is a navigational strategy in the Morris water maze. By apparently intact in knockout mice deficient in protein contrast, they could perform nonspatial learning tasks kinase A that lack CA1 LTD (Brandon et al., 1995) . that rely on simple association strategies.
Comparison with Previous Evidence Discussion
Previous work has used pharmacological and genetic tools to examine whether synaptic plasticity is the mech-CA1 LTP Underlies the Formation anism for memory formation. Although the evidence is of Spatial Memory consistent with this notion many issues have remained We have generated a knockout mouse strain lacking the unresolved. For example, the most sophisticated phar-NMDAR1 subunit in the CA1 region of the hippocampus. macological studies that have been done thus far are These mice seem to grow normally and do not present based on the infusion of NMDAR antagonists directly obvious behavioral abnormalities. We have shown that the mutant mice lack NMDAR-mediated EPSCs and LTP into the brain (Morris et al., 1986; Cain et al., 1996) . Since The graph represents the escape latencies of mice trained to find a hidden platform in a water maze by using the distal cues surrounding it. The CA1-KO mice (closed circles, n ϭ11) display a longer latency in every block (four trials per day) than the control mice (T29-1, open circles, n ϭ12; fNR1, upward triangles, n ϭ 13; wt, downward triangles, n ϭ 12). Also, CA1-KO mice do not reach the optimal performance attained by the control mice, even though the mutants show some improvement.
(B) CA1-KO mice appear normal in the performance of the landmark task in the water maze. The graph represents the escape latencies of mice trained to find a hidden platform in a water maze by using the proximal cue (a black rectangle attached to the pool wall). The CA1-KO mice (closed circles, n ϭ 6) display a somewhat longer latency during the initial block (three trials per day) but improved their performance to the same level than the control mice (T29-1, open circles, n ϭ 6; fNR1, upward triangles, n ϭ 6; wt, downward triangles, n ϭ 6). neocortex (Hestrin, 1996) . Thus, the memory impairment campus.
(C) Three-dimensional graphs representing the total occupancy by Several drawbacks also accompany the conventional six T29-1 mice and six CA1-KO mice during the last transfer test.
gene knockout studies. In particular, the ubiquitous de-
The control mice focused their search in the trained location (where letion of the gene may cause undesirable developmental the platform used to be during training) whereas the mutant mice visited the whole maze area equivalently.
and behavioral consequences. Our work circumvents these concerns because the deletion of the NMDAR1 subunit occurs in a restricted manner, only in the CA1 Yamamoto, 1981a, 1981b ; Stanfield and region. We have not yet shown directly the precise deCowan 1979) . Thus, it is likely that the NMDAR1 gene velopmental timing of the Cre/loxP recombination that is also deleted at this time, providing a postnatal knockdeletes the NMDAR1 gene. However, an accompanying out of the gene and thus avoiding the developmental article in which we use the expression concerns. of ␤-galactosidase as a reporter for the recombination shows that it occurs during the third postnatal week, Consideration into the Mixed Genetic Background about 2 weeks after the CA1 region of the hippocampus Another caveat associated with the behavioral studies done in gene knockout mice stems from the fact that has completed its cellular organization and connections ES cells from the mouse strain 129/Sv are commonly used to generate the mutant mice (reviewed by Gerlai, 1996) . The 129/Sv mice demonstrate behavioral defects such as the inability to perform the Morris water maze task (Gerlai, 1996) . Consequently, most behavioral studies with knockout mice have been carried out after crossing them to a behaviorally "normal" strain, such as C57BL/6. This of course causes animal-to-animal variations in the ability to perform a certain behavioral task, variation that is attributed to the difference in the have become available (Kawase et al., 1994; Kö ntgen et al., 1993; Ledermann and Bü rki, 1991 ). In the current study, the genetic background issue has not been reloop as the locus for memory (Empson and Heinemann, solved completely. However, we avoided a major source 1995); and third, the evidence presented in this article of variation for the Morris water maze task by eliminating points to the special role of the CA3-CA1 synapses. "floating" individuals from both the mutant and control
The plasticity of the EC-CA3 synapses has not been groups (see Experimental Procedures).
well studied, but our proposed scenario predicts that they are important in implementing the memory system.
Gene Knockout Studies Point to a Pivotal
Most probably, both the EC-CA3 pathway and the ECRole of CA1 Synaptic Plasticity DG-CA3 pathway provide parallel inputs to the CA3 netPrevious studies examined the correlation between spawork during learning, and the CA3-CA3 synapses work tial memory and the site of hippocampal LTP (i.e., CA1, as autoassociative memory devices, as has long been CA3, and dentate gyrus) by using a variety of convenproposed (Marr, 1971) . Thus, it is desirable to generate tional knockout mice (reviewed by Chen and Tonegawa, a CA3 region-specific knockout of the NMDA receptor 1997). These studies found a correlated impairment in to allow direct examination of the contribution of these Scc-CA1 LTP and spatial memory (but see Conquet et synapses to learning. al., 1994) . It is important to point out that the only exceptional case, namely that of the mGluR1 mutant mice, is , 1994; Chen and Tonegawa, 1997) . By contrast, it covering the first intron, transmembrane domain, and C-terminal has been shown that impairments of mossy fiber-CA3 region of the NMDAR1 gene as well as its 3Ј downstream region LTP (Huang et al., 1995) and perforant path-dentate LTP (total ‫54ف‬ kb) was isolated and mapped by restriction digestion. (Nosten-Bertrand et al., 1996) are not correlated with
The replacement-type targeting vector ( Figure 1A ) was made by inserting the first loxP site into a 5 kb intron between exons 10 and spatial memory deficit. that the CA1 region is a crucial component of the "hippoThe linearized targeting vector was electroporated into J1 cells campal formation" system that is involved in the acquisiderived from 129/terSv (Li et al., 1994 ) maintained on subconfluent tion of certain types of memory. In rodents, this system embryonic fibroblasts. Neomycin-resistant ES cell colonies were consists of several structures connected within a loop picked and expanded. The ES cells harboring homologous recombithat encompasses (Figure 9 ) the entorhinal cortex (EC), nation were determined by Southern blotting using a 5Ј probe and a 3Ј probe, which correspond to the gene regions depicted in Figure   with inputs from higher sensory cortices; dentate gyrus 1A. The targeted ES cells were injected into C57BL/6 blastocysts.
(DG), with inputs from EC; CA3, with "external" inputs These blastocysts were transferred into pseudopregnant mothers. from EC and DG and "internal" inputs from CA3; CA1, Chimeric mice with more than 90% agouti were bred against with inputs from CA3 and EC; and subiculum (SUB), with C57BL/6. The F1 mice with germline transmission of the fNR1 gene inputs from CA1 and outputs to EC (Lorente de Nó , were bred with the transgenic line T29-1. The F2 offspring heterozy-1934; Amaral and Witter, 1989) . In lieu of the evidence gous for both the fNR1 gene and the Cre transgene (Cre/ϩ, fNR1/ϩ) were mated with heterozygous fNR1 mice (ϩ/ϩ, fNR1/ϩ) to obtain currently available, it would seem that the minimal sys- , 1996) ; second, the direct EC-CA1 connection apfNR1 (ϩ/ϩ, fNR1/ϩ), homozygous fNR1 (ϩ/ϩ, fNR1/fNR1), and CA1-KO (Cre/ϩ, fNR1/fNR1), respectively. This distribution is close to pears to be too weak to sustain the EC-CA1-SUB-EC the 1:1:2:2:1:1 Mendelian ratio expected for the segregation of two mA) produced EPSCs, which were amplified with an Axopatch 1D amplifier (Axon Instruments), digitized with an analog-to-digital independent loci (with no embryonic lethality).
board (Digidata 1200A, Axon), and analyzed on-line by adslice datacollection software (written by P. Huerta). The NMDA currents were Southern Blot and Polymerase Chain Reaction Analysis isolated pharmacologically by adding the following to the ACSF: Purified DNA from mouse tails was digested with the indicated re-CNQX (20 M), picrotoxin (100 M), 2-OH-saclofen (200 M), and striction enzymes (EcoRI or EcoRV), fractionated by electrophoresis glycine (1 M) and by removing Mg 2ϩ from the ACSF. through 0.7% agarose gels, transferred onto Zeta-probe GT memExtracellular recordings of field EPSPs were made with glass branes (BioRad), and hybridized with a 5Ј probe (exons 7 and 8) or pipettes filled with 2 M NaCl (resistance, 1-2 M⍀). To obtain CA1 a 3Ј probe (1.2 Xba fragment), or both, for the NMDAR1 gene ( Figure  EPSPs , the recording electrode was positioned in stratum radiatum 1A) The Cre transgene was typed by polymerase chain reaction (50-100 m from stratum pyramidale), and two stimulating elecusing 5Ј and 3Ј primers, as described in the accompanying article trodes were placed in stratum radiatum, at either side of the re- . cording electrode, for alternative stimulation of two independent inputs. The lack of cross-facilitation between the inputs was used Histology and In Situ Hybridization a criterion for independence. Stimulation intensity was adjusted for The mouse brains were perfused with iced-cold phosphate-buffered responses that were 50% of the maximal EPSP. For dentate gyrus saline (PBS) buffer and 30% sucrose, dissected, and rapidly frozen recordings, the recording electrode was positioned in stratum moin the mounting medium. Cryostat sections (20 m) were prepared leculare (300 m from stratum granulosum), and two stimulating and postfixed for 5 min in 4% paraformaldehyde in PBS buffer (pH electrodes were located at opposite sides for stimulating perforant 7.5). After washing twice in PBS (5 min each wash), the slices were path inputs alternatively. The evoked EPSPs were amplified (AM stained with cresyl violet. Light microscopy was performed from Systems 1700), digitized (2 kHz sampling rate), and analyzed on-1.25ϫ to 20ϫ magnification on a Nikon microscope.
line by adslice software. For tetanic stimulation, the stimulation For in situ hybridization, the slices were hybridized to a 45-mer intensity was increased to twice the test stimulation. The standard probe (sequence 5Ј-CTCCTCCTCCTCGCTGTTCACCTTAAATCGG tetanus was a train of 100 Hz for 1 s. Statistical differences between CCAAAGGGACT-3Ј). This corresponds to the region between the the tetanized pathway and the control pathway were tested on 30 first and the second transmembrane domains, which is located responses from each pathway (45 min after tetanus) by Student's t within a sequence flanked by the two loxP sites. Upon Cre-mediated test (Huerta and Lisman, 1995) . recombination, this region is expected to be deleted at the DNA level. The probes were labeled by 3Ј-poly(A) tailing using nonradioBehavioral Testing active fluorescein-11-dUTP and terminal transferase. Hybridization
We used two standard water maze tasks to test for spatial and solution was supplied by the manufacturer (Amersham) with addition nonspatial memory (Morris et al., 1982; Kolb et al., 1994) . To measure of 3Ј-poly(A) (100 g/ml) and of denaturated salmon sperm DNA spatial memory, we used the hidden-platform task in four groups (100 g/ml). Slides were washed for 5 min at room temperature and of mice: CA1-KO (n ϭ 11), fNR1 (n ϭ 13), T29-1 (n ϭ 12), and wt 1ϫ SSC, 0.01% SDS for 1 min, and 0.1ϫ SSC at 37ЊC for 10 min.
(n ϭ 12) mice. The apparatus consisted of a circular pool (white For cytochrome oxidase histochemistry, the brains were perfused plastic, 120 cm diameter, 79 cm height) containing water (80 cm with cold saline and 4% paraformaldehyde in PBS buffer (0.1 M), high) at 21-22ЊC, which was made opaque white by adding tempera. dissected, and submerged in 30% sucrose for 2 days at 4ЊC before The pool was surrounded by a black curtain (90 cm from the periphsectioning with a Vibratome. Cytochrome oxidase staining was perery of the pool). Three rectangular drawings (50 ϫ 70 cm 2 ) with formed using the protocol described by Wong-Riley (1979) . geometric designs, placed on the curtain wall (120 cm height) and brightly illuminated, served as the distal cues. The mice did not Electrophysiology swim in the pool before training (i.e., there was no habituation) but Mice (21-48 days old) were anesthetized with metafane and sacriwere simply placed on the platform for ‫03ف‬ s. Mice that initiated ficed by decapitation. The brain was quickly removed and subswimming spontaneously were not returned to the platform. During merged in artificial cerebrospinal fluid (ACSF) solution at ‫4ف‬ЊC for the training sessions, mice that did not show motivation for swim-‫3ف‬ min. The ACSF contained (in mM): 124 NaCl, 26 NaH2CO3, 10 ming (i.e., "floaters") in any of the trials were excluded from the task D-glucose, 5 KCl, 2 CaCl2, 2 MgSO4, and 1.2 NaH2PO4 (pH 7.2) and and replaced by siblings. Overall, the floating behavior was more was oxygenated with a 95% O 2-5% CO2 gas mixture. The brain was prominent in the fNR1 mice ‫%02ف(‬ of the tested animals) than in further sectioned into a block (which included the hippocampus) the other mice. The mice were trained to find the hidden platform and glued to the stage of a Vibratome. Transverse hippocampal (circle of 12 cm in diameter, submerged 1 cm below the water level) slices (350 m thick) were cut and transferred to a holding chamber by swimming 4 trials every day. Within each group, half of the mice and kept at 37ЊC for the first ‫54ف‬ min and at room temperature were trained with the platform in the southwest quadrant and the for the rest of the experiment. Recordings were made 2-6 hr after others in the northeast quadrant. If a mouse did not find the platform dissection. A single hippocampal slice was transferred to a subin 1 min, it was stopped and placed over the platform for ‫01ف‬ s. merged recording chamber and a cut was made between the CA3 The mice were tracked by an infrared-sensitive camera connected and CA1 regions. The slice was bathed with rapidly flowing (1 ml/ to a tracker unit (Dragon). The tracked positions were stored on min) oxygenated ACSF containing picrotoxin (100 M). Bath tempervideotape and collected by ad software (written by M. Wilson and ature was maintained at 30-32ЊC with a heating controller unit (TC-L. Frank, Massachusetts Institute of Technology). A transfer test 324, Warner). The recording chamber was mounted on upright fixedwas given at the end of days 1, 6, and 12. For this test, the mouse stage microscope (Zeiss). swam for 60 s in the absence of the platform. Analysis of the swimIntracellular patch-clamp recordings, in the whole-cell mode, were ming paths was performed by mazeextract software (written by M. made (reviewed by Sakmann and Stuart, 1995) . Infrared illumination Wilson). coupled to DIC optics with a 40ϫ water immersion objective (Zeiss)
To measure nonspatial learning we used the landmark task, as enabled us to visualize the cell bodies of CA1 pyramidal neurons described by Kolb et al. (1994) . The same water maze was used as in the superficial layer of the slice, allowing assessment of the health in the hidden-platform task with one difference to the procedure: of the slice and recordings of identified neurons under visual guidthe platform was moved on each block of trials and its location was ance (Edwards et al., 1989; Sakmann and Stuart, 1995) . Patch elecmarked by a landmark consisting of a 20 ϫ 12 cm 2 black rectangle trodes (resistance, 5-7 M⍀) were pulled from thin-walled glass pimounted on the pool wall ‫52ف‬ cm away from the platform. There pettes (150F-4, WPI) and filled with internal solution containing (in were three trials every day. mM): 140 K-gluconate, 1.1 EGTA, 0.1 CaCl2, 10 HEPES, 2 Mg·ATP, 1 MgCl 2 , and 0.3 Na·GTP (pH 7.2). Access resistances were measured regularly during recording (typical values were 10-20 M⍀). Synaptic Acknowledgments responses were evoked by stimulating with a bipolar Pt/Ir electrode placed in stratum radiatum ‫004-05ف(‬ m to the side of the recorded
We would like to thank Jason Derwin, Tamara Ochoa, and Cindy Tom for their assistance; Kenneth I. Blum and Takuji Iwasato for cell and 50-100 m from stratum pyramidale). Stimuli (50 s, 0.1-0.7
